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Using molecular graphics software, we designed numerous models of CnN3
2 (n51 – 8). Geometry
optimization and calculation on vibration frequency were carried out by the B3LYP density
functional method. After comparison of structure stability, we found that the structures of
ground-state CN3
2 and C2N3
2 are bent chains with a nitrogen atom at either end, whereas whenn
53 – 8, the ground-state clusters show three branches, each with a nitrogen atom located at the end.
When n55 – 8, the longest branch of CnN3
2 is polyacetylenelike. When 55 or 7, the longest
branch is connected to the centralsp2 carbon in a nonlinear manner. The CnN3
2 (n51 – 8) with an
even number of carbon atoms are more stable than those with odd numbers, matching the peak
pattern observed in laser-induced mass spectra of CnN3
2 . The trend of such odd/even alternation is
explained based on concepts of bonding characteristics, electron affinities, and incremental binding
energies. ©2004 American Institute of Physics.@DOI: 10.1063/1.1814933#
I. INTRODUCTION
The discovery of different carbon compounds and clus-
ters have opened up research fields of different dimensions.
Carbon clusters containing nitrogen in celestial bodies have
been detected,1–3 and recent results of experimental and the-
oretical investigations on binary clusters prompted further
enthusiasm. In search for different materials of strange
physical properties, scientists has been targeting on nitrides
of various types. According to theoretical prediction, super-
hardness should be an intrinsic character of polymeric
b-C3N4 crystal, and its solid-state properties is a focus of
study in materials science.4 It was reported that carbon/
nitrogen binary clusters can be generated by means of un-
conventional methods such as laser ablation.4–6 The pros-
pects of synthesizing carbon/nitrogen compounds adds fuel
to both basic and application research. In order to understand
the nature of these cluster-assembled substances that differ
greatly in properties, scientists have been examining their
geometric structures and ground-state electronics, and results
of this kind are of great interest in the research field.
Recently, there have been reports on the theoretical in-
vestigations of nitrogen-doped carbon clusters. Using the HF
method, Wanget al. carried out calculations on linear
CnN
2.7 Zhan and Iwata obtained the ground states of
CnN
2 (n51 – 13) from a series ofab initio calculations.8
Pascoli and Lavendy proposed linear structures of CnN
2 (n
51 – 7) based on density functional calculations.9 Tittle,
Merkoziaj, and Liu analyzed C5N2 clusters theoretically by
adopting the density functional method.10 Armstrong et al.
calculated the ionization energies of the isomers of CN2 at
the G1 and G2 levels.11 Chuchev and BelBruno conducted
B3LYP density functional calculations on structures of C6N,
C5N2 , C6N2 , and CnN2.
12–14 BelBruno and co-workers in-
vestigated the structures and energies of carbon/nitrogen
clusters~up to 12 atoms, such as some neutral clusters of
C3N4 , C2N3 , C3N3 , and C4N3) by ab initio and density
functional calculations.15,16 Jiang et al. carried out density
functional study on structures and stabilities of CmN2
2 . (m
51 – 14) ions.17 Tanget al. studied the structures and ener-
gies of cyclic C2nN5
2 clusters by means of density functional
calculations.18 Of the above-mentioned theoretical studies,
most are on clusters containing one or two nitrogen atoms
and a few are on clusters with more than three nitrogen
atoms.15,16,18To the best of our knowledge, there is no report
on theoretical calculation of CnN3
2 clusters. In the time-of-
flight mass spectra of CnNm
2 ,5 CnN3
2 exhibit even/odd alter-
nation in signal intensity: signal intensities of anionic clus-
ters with evenn is generally higher than that those with odd
n. To explore these interesting experimental observations
theoretically, we designed hundreds of structural models of
CnN3
2 (n51 – 8), and performed geometry optimization and
calculations on vibration frequencies by means of the B3LYP
density functional method. The stabilities, geometry struc-
tures, bonding characters, energy differences, electron affini-
ties, and incremental binding energies of the clusters have
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mdchen@xmu.edu.cn
b!Present address: Department of Chemistry, The Chinese University of
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been investigated. Based on the results, we provide explana-
tion on why the CnN3
2 (n51 – 8) isomers with even are
more stable than those with oddn. The outcome can serve as
helpful guidelines for the synthesis of related materials as
well as for future theoretical studies of carbon/nitrogen bi-
nary clusters.
II. COMPUTATIONAL METHODS
During the investigation, devices for molecular graphics,
molecular mechanics, and quantum chemistry were used.
First, a three-dimensional model of a cluster was designed
using HYPERCHEM for Windows19 and Desktop Molecular
Modeler for Windows20 on a PC/Pentium IV computer. Then,
the model was optimized by MM1 molecular mechanics and
semiempirical PM3 quantum chemistry. Last, geometry op-
timization and calculations of vibration frequencies were
conducted using the B3LYP21–23 density functional method
of GAUSSIAN 98 package24 with 6-311G* basis sets. The
single point energy calculations following the optimizations
were performed using the larger 6-3111G* basis set~i.e.,
B3LYP/6-311 G*//B3LYP/6-311G* !.25 It has been pointed
out that geometries computed with more expensive basis sets
do not necessarily lead to more accurate final results.26 The
optimized models were again displayed usingHYPERCHEM
for Windows. The data of partial charges and bond orders
were analyzed with Gaussian natural bond orbital~NBO!. All
the calculations were carried out on the servers of SGI.
III. MODEL STRUCTURES
Shown in Figs. 1–8 are the isomers corresponding to
local minima of CnN3
2 (n51 – 8) with real vibration fre-
quencies. Most of the models depicted here have never been
reported before. In each figure, the models are arranged in
the order of ascending total energy, light gray bigger balls
represent carbon atoms and dark gray smaller ones denote
nitrogen atoms. The eight isomers of CN3
2 acquired are
shown in Fig. 1. Depicted in Fig. 2 are the twelve isomers of
C2N3
2 . In Fig. 3, the twenty-two isomers of C3N3
2 are
shown. Figure 4 shows the twenty-four isomers of C4N3
2 .
The twenty-three isomers of C5N3
2 and the fourteen isomers
of C6N3
2 are shown in Figs. 5 and 6, respectively. The twenty
isomers of C7N3
2 are shown in Fig. 7, whereas the twenty-
two isomers of C8N3
2 in Fig. 8.
Listed in Table I are the symmetries, total energies, elec-
tronic states, and relative energies of the CnN3
2 (n51 – 8)
structures of Figs. 1–8. According to the relative energies,
the N–C–N–Nthat bends at the inner N atom is the most
stable CN3
2 structure ~model 1a!. The most stable C2N3
2
structure~model 2a! displays a ‘‘V-shape’’ configuration with
alternate N and C atoms. The ‘‘Y-shape’’ models 3a, 4a, 6a,





2 , respectively, with the nitrogen atoms located at
the end of the three branches. Models 5a and 7a show, re-
spectively, the structures of C5N3
2 and C7N3
2 with lowest
energies, and the longest branch is bent, giving a distorted
‘‘Y’’ configuration.
In the case of isomers being close in energy, the theoret-
ical methods adopted for calculation could affect the order-
ing of energy. We performed CCSD~T!/6-3111G* and
QCISD~T!/6-3111G* computations on CN3
2 . The CCSD~T!
energies for 1a, 1b, 1c, 1d, 1e, 1f, and 1g are2201.8485,
2201.8033, 2201.7770, 2201.7536, 2201.7489,
2201.7399,2201.6614, and2201.5917 a.u., respectively.
The QCISD~T! energies are 2201.8502, 2201.8053,
2201.7787, 2201.7549, 2201.7501, 2201.7420,
2201.6649, and2201.5960 a.u. respectively. In both cases,
the energy ordering is the same as that of B3LYP/6-3111G*.
Although temperature variation would eventually cause
changes in the incremental binding energies, such character-
istic changes, however, should be systemic, and the pattern
of odd/even alternation should be similar. We did calculation
on the energies of the linear structures at high temperature
FIG. 1. Eight isomers of CN3
2 .
FIG. 2. Twelve isomers of C2N3
2 .
FIG. 3. Twenty-two isomers of C3N3
2 .
FIG. 4. Twenty-four isomers of C4N3
2 .
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~600 K! and find that the curve of energy differences~that
reflects the magnitudes of incremental binding energies! ex-
hibits similar odd/even alternation.
After the studies of a great number of models, including
those of Figs. 1–8, it is apparent that ‘‘nitrogen atoms at
terminal positions’’ is preferred for stable clusters regardless
of geometry~branch or chain!, and such configuration is cru-
cial to the stability of clusters. The energy of the isomers for
a particular cluster increases as the number of terminal nitro-
gen atoms decreases. The existence of N–N bond inside a
cluster decreases the stability of the structures. On the other
hand, except for several structures, the isomers with inter-
connecting carbon and nitrogen are either with high total
energy or imaginary in frequency with no local minima. The
energies of isomers with cyclic and shared-edge cyclic struc-
tures are higher than those of chain and branch structures, for
example, models 1e, 2h, 2i, 3j, 3n, 3p, 4s, 5u, 5v, 6m, 7r, 8t,
and 8v. The close-cage clusters are much higher in energies
than the planar structures, for example, models 1f, 2j, 3u, and
3v.
IV. RESULTS AND DISCUSSION
A. Bonding characters
Depicted in Fig. 9 are the bond lengths, NBO charges,
and bond orders of the most stable CnN3
2 (n51 – 8) struc-
tures. The CN distance measured experimentally is 1.153 Å
in hydrogen cyanide~prototypical CwN triple bond!, 1.209
Å in isocyanic acid~prototypical CvN double bond!, and
1.376 Å in formamide~prototypical C–N single bond!.9,25
From Fig. 9, the terminal CwN bond lengths of chain or
branch forms are with length of 1.16–1.18 Å, characteristic
of triple bond. The geometries of CN3
2 and C2N3
2 show
chain configurations with CwN bond located at the end. The
central carbon atom of C3N3
2 formed a double bond with a
nitrogen atom, initializing the branch configuration. For
CnN3
2 (n.3), the ground-state isomers are with three termi-
nal –CvN in branch configurations. For C4N3
2 in D3h sym-
metry, the central carbon atom connects to three CwN. For
C6N3
2 and C8N3
2 , the longest branch connects linearly with
the centralsp2 carbon atom, forming a straight chain. As for
C5N3
2 and C7N3
2 , the longest branch connects to the central
carbon atom in a nonlinear fashion.
The C–N bond lengths of CnN
2 (n51 – 7) ~Ref. 9! dis-
play a sort of short/long alternation with odd/evenn: the
C–N bonds of odd-n clusters are shorter than those of even-n
by 0.01–0.02 Å, the even-clusters possess cumulenic struc-
tures and odd-n ones exhibit some polyacetylenic character.
As for CnN3
2 clusters withn55 – 8, the short/long alterna-
tion with odd/evenn of C–N bond lengths is less significant
~by 0.004 Å only!, suggesting that in both cases of odd and
evenn, the terminal C–N bonds display the characteristic of
triple bond. Their bond lengths~1.167–1.171 Å! are in good
agreement with the value of 1.153 Å for HCN.25 The C–C
FIG. 5. Twenty-three isomers of C5N3
2 .
FIG. 6. Fourteen isomers of C6N3
2 .
FIG. 7. Twenty isomers of C7N3
2 .
FIG. 8. Twenty-two isomers of C8N3
2 .
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TABLE I. Symmetries, electronic states, total energies~a.u.!, and relative
energies~kcal/mol! of CnN3





























































































































TABLE I. ~Continued.! Symmetries, electronic states, total energies~a.u.!,
and relative energies~kcal/mol! of CnN3
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bond lengths of the longest branches show obvious short/
long alternation, reflecting some sort of polyacetylenic char-
acter. From the bond order analysis by NBO shown in Fig. 9,
CnN3
2 (n55 – 8) are clearly characterized as polyacetylene-
like clusters.
For CnN3
2 (n53 – 8) clusters, the central carbon atoms
connected to two CwN underwentsp2 hybridization. For
C5N3
2 and C7N3
2 , the carbon atom in the longest branch
connected to the central carbon atom issp2 hybridized also.
Shown in Fig. 10 are the schematicp molecular orbitals of
three-dimensional~3D! isosurface of ground-state C5N3
2 and
C6N3
2 . The p orbitals of the atoms in the branch structure
perpendicular to the plane of the molecule overlap to form
delocalizedp bonding, resulting in reduction in total energy.
Models 5b and 7b are the second most stable isomers of
C5N3
2 and C7N3
2 , and their configurations are similar to
those of models 6a and 8a. Models 5a and 7a are singlet
structures, whereas models 5b and 7b triplet~their singlet
states are imaginary in frequency with no local minima!. We
also examined the bond lengths and bond orders of models
5b and 7b. Along the straight long branches, the C–C bond
lengths tend to average out, the terminal nitrogen-carbon
bond are likely to be CvN double bond, exhibiting some
sort of cumulenic characters. According to the NBO bond
order shown in Fig. 9, for models 5a and 7a, the central
carbon atom and the carbon atom next to it in the longest
branch formed a double bond, both atoms adoptingsp2 hy-
bridization, and the longest branch tends to bend with a
–CwN terminal in a polyacetylenelike manner. The struc-
tures with larger number of –CwN terminals are more fa-
vorable in energy.
Both nitrogen and phosphorus are VA elements; each
provides five valence electrons for chemical bonding. Com-
paring CnN
2 ~Ref. 9! and CnN2
2 ,17 respectively, to CnP
2
~Ref. 27! and CnP2
2 ,28,29 there are similar structure charac-
ters~i! in the locations of doped atom~s! and~ii ! in energies
as well as the odd/even alternate behaviors on the straight Cn
chains. When the number of doped atoms is three, the binary
clusters differ in geometry. Some ground-state structures of
FIG. 9. Bond lengths~in Å!, NBO charges distributions~in parentheses!,
and bond orders~as shown in line number between two atoms! of the most
stable CnN3
2 (n51 – 8), gray balls represent nitrogen atoms and white ones
denote carbon atoms.




FIG. 11. Variation of energy differencesDEn ~a.u.! of the most stable
CnN3
2 (n51 – 8) clusters~as shown in Table II! vs number of carbon atoms.
TABLE I. ~Continued.! Symmetries, electronic states, total energies~a.u.!,
and relative energies~kcal/mol! of CnN3
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CnP3
2 are straight carbon chains with a P2C ring located at
one end and a phosphorus atom at the other, and there is this
alternate behavior of even-cluster more stable than odd-n.30
The CnN3
2 (n53 – 8) isomers of similar geometry~models
3b, 4n, 5l, 6j and 7l! are much higher in energies.
B. Energy differences
Listed in Table II are the electron affinities, energy dif-
ferences, atomization energy, and incremental binding en-
ergy with zero point energy correction for ground-state
CnN3
2 (n51 – 8). To evaluate the relative stability of the
clusters of different sizes, the energy differenceDEn
5@E(CnN3
22E(Cn21N3
2)#, which is defined as the differ-
ence between the total energies of the adjacent clusters, is
calculated. Displayed in Fig. 11 is the variation of energy
difference (DEn) of the most stable CnN3
2 (n51 – 8) against
number of carbon atoms, i.e.,DEn is displayed as a function
of n. According to the characteristic odd/even alteration, the
clusters with evenn are with DEn lower than those of the
adjacent clusters with oddn, again showing that the clusters
with evenn are more stable than those with oddn.
C. Electron affinities
It is known that the anion signal intensity in mass spec-
trum can be related to the electron affinity energy of a mol-
ecule. Electron affinity~EA, adiabatic! is computed as the
energy difference between the optimized neutral and anionic
~i.e., Eneutral2Eanion) clusters. A higher electron affinity
means that more energy is released when an electron is
added to the neutral molecule, and the production of the
corresponding anion is more readily accomplished. The an-
ionic cluster with a larger electron affinity is generally more
stable. Electron affinity~EA! can be used as another criterion
to evaluate the relative stability of anionic clusters with dif-
ferent sizes.
Figure 12 depicts the EA values versus the number of
carbon atoms in the most stable CnN3
2 (n51 – 8) clusters.
There is a parity effect on the EA curve of CnN3
2 : the EA of
even-n clusters are higher than those of odd-n ones. This
behavior reflects the higher stability of the even-n CnN3
2
clusters.
D. Incremental binding energies
The incremental binding energy (DEl) which is the at-
omization energies (DEa) difference of adjacent clusters can
also reflect the relative stability of the anionic clusters~Table




where DEa is defined as the energy difference between a
molecule and its component atoms,
DEa5nE~C!13E~N!2E~CnN3
2!
As showed in Fig. 13, the values ofDEl vary according
to a pattern of odd/even alternation: whenn is even, theDEn
value is large; whenn is odd, theDEn is small. Because a
largerDEl value implies a more stable CnN3
2 structure, one
can deduce that a CnN3
2 (n51 – 8) cluster with evenn is
more stable than one with oddn. Such odd-even alternate
pattern of energy differences, electron affinities, and incre-
mental binding energy is consistent with the experimental
observation of Tanget al.5
FIG. 12. Curve of EA~kcal/mol! of the most stable CnN3
2 (n51 – 8) clus-
ters ~as shown in Table II! vs the number of carbon atoms.
FIG. 13. Incremental binding energiesDEl ~a.u.! for the most stable
CnN3
2 (n51 – 8) clusters~as shown in Table II! vs the number of carbon
atoms.
TABLE II. Electron affinities ~EA! ~kcal/mol!, energy differences (DEa)
~a.u.!, atomization energy (DEa) ~a.u.!, incremental binding energy (DE
l)
~a.u.! with zero point energy correction for the most stable CnN3
2 (n
51 – 8).





2 93.37 238.2088 1.0363 0.3515
C3N3
2 71.35 238.0463 1.2253 0.1890
C4N3
2 92.93 238.1680 1.5361 0.3108
C5N3
2 88.92 238.0521 1.7309 0.1948
C6N3
2 93.75 238.1186 1.9922 0.2613
C7N3
2 86.03 238.0571 2.1921 0.1999
C8N3
2 94.88 238.1152 2.4500 0.2579
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V. CONCLUSIONS
The ground-state structures of CnN3
2 are in chain (n
51 – 3) or branch (n53 – 8) form with nitrogen atoms lo-
cated at the terminals. Whenn55 and 7, the longest branch
connects to the central carbon atom nonlinearly, whereas in
the cases ofn56 and 8, linearly. The bond lengths and bond
orders of the straight chains suggest a polyacetylenelike
structure. The CnN3
2 (n51 – 8) with even number of carbon
atoms are more stable than those with odd number. The odd/
even alternation trend can be explained according to the
variation of bonding characters, energy differences, electron
affinities, and incremental binding energies. The results of
calculation are in good agreement with the experimental phe-
nomena observed in mass spectrometric studies.
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